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Introduction {#sec1}
============

*Anopheles gambiae* mosquitoes can mount an effective antiplasmodial immune response that involves the coordinated activation of epithelial ([@bib10]), cellular ([@bib2]) and complement-like immune defenses ([@bib1], [@bib13], [@bib7]). *Plasmodium* ookinete midgut invasion triggers immune priming by bringing the gut microbiota into direct contact with midgut cells ([@bib16]). Primed mosquitoes release a hemocyte differentiation factor (HDF) into their hemolymph and mount a more effective immune response to subsequent *Plasmodium* infections ([@bib16]). HDF release is a life-long response and results in a permanent increase in the proportion of circulating granulocytes and a state of enhanced immunity ([@bib16]). HDF is a complex of Lipoxin A4, a signaling eicosanoid, and Evokin, a lipid carrier of the lipocalin protein family that is essential for biological activity ([@bib14]). Although the interaction of bacteria with epithelial cells takes place in the midgut lumen, the priming response is systemic and sustained, suggesting that the midgut epithelium releases a signal that elicits broad changes in immune function. In this study, we provide direct experimental evidence for the role of prostaglandin E2 (PGE2) as a chemotactic signal that attracts hemocytes to the basal surface of *An*. *gambiae* midgut cells and as the midgut signaling molecule that establishes immune priming. Furthermore, we identified two mosquito heme peroxidases that mediate midgut PGE2 synthesis and are essential for hemocyte chemotaxis and immune priming.

Results and Discussion {#sec2}
======================

Effect of *Plasmodium* Infection and Bacterial Exposure on Prostaglandin Synthesis and Systemic Release {#sec2.1}
-------------------------------------------------------------------------------------------------------

PGE2 has been detected in cultured *Anopheles albimanus* mosquito midguts in the presence of gut bacteria ([@bib8]), and several studies have shown that blood feeding leads to bacterial proliferation in the mosquito midgut ([@bib4]). Therefore, we investigated the potential role of prostaglandins (PGs) on mosquito responses to blood feeding and *Plasmodium* infection. We observed a significant increase in mosquito hemolymph PG levels at 24 h post blood feeding (PF) on a healthy control mouse ([Figure 1](#fig1){ref-type="fig"}A, p = 0.0062, *Unpaired t test*, [Table S1](#mmc1){ref-type="supplementary-material"}). In uninfected mosquitoes, the gut microbiota is kept from coming in direct contact with the midgut epithelium by the peritrophic matrix (PM), a chitinous network that surrounds the blood meal. Ookinete midgut invasion disrupts the PM, allowing direct contact between bacteria and midgut epithelial cells. PG levels were 6-fold higher in females fed on a *P*. *berghei*-infected mouse than those fed on a healthy mouse at 24 h PF, when ookinete midgut invasion is taking place ([Figure 1](#fig1){ref-type="fig"}A, p \< 0.0001, *Unpaired t test*, [Table S1](#mmc1){ref-type="supplementary-material"}). We investigated the role of the gut microbiota on *Plasmodium-*induced production of PG and confirmed that, in the presence of the gut microbiota, ookinete invasion increased PG release ([Figures 1](#fig1){ref-type="fig"}A and 1B, p = 0.0043, *Unpaired t test*, [Tables S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}). However, this effect was no longer observed when the gut microbiota was eliminated by pre-treating mosquitoes with oral antibiotics ([Figure 1](#fig1){ref-type="fig"}B, p = 0.6943, *Unpaired t test*, [Table S2](#mmc1){ref-type="supplementary-material"}).Figure 1Effect of *Plasmodium* Infection and Bacterial Exposure on Prostaglandin Synthesis and Systemic Release(A) Hemolymph prostaglandin levels in sugar fed (SF), blood-fed control (C), and *P. berghei* infected (I).(B) Hemolymph prostaglandin levels in response to gut microbiota in blood-fed control (C) and *P. berghei-*infected (I) mosquitoes 26 h post infection.(C) Prostaglandin levels in different tissues 24 h after bacterial feeding.(D) PGE2 midgut immunostaining 6 h after bacterial feeding. Nuclei, blue; PGE2, red. Scale bar: 10 μm.(E) *In vitro* PGE2 release by midguts dissected 6 h after bacterial feeding.(F) Hemocytes recruitment to the basal surface of the midgut in response to bacterial feeding. Actin (phalloidin), cyan; Hemocytes (stained with Vybrant CM-DiI), red; Nuclei, blue. Scale bar: 15 μm.(G) Number of hemocytes attached to the midgut 6 h post bacterial feeding.Error bars in A--C and E represent mean ± SEM. ANOVA Tukey\'s multiple comparison test was used in A. Unpaired t test was used in B, C, and E. \*p ≤ 0.05; \*\*p ≤ 0.01; \*\*\*\*p ≤ 0.0001; NS, p \> 0.05. Prostaglandin levels were measured in pools of hemolymph. Each treatment had at least two biological replicates, and the results were confirmed in at least two independent experiments. In G, hemocyte numbers were determined for each individual midgut and the median are indicated by the line. Hemocytes were counted in 5--12 mosquitoes for each treatment, and the results were confirmed in three independent experiments. Mann-Whitney test, \*\*p ≤ 0.01. Detailed information on biological replicates and exact p values are listed in [Tables S1--S5](#mmc1){ref-type="supplementary-material"}.

We investigated the production of PGs by different tissues in response to bacterial feeding. Adult females were fed a sterile BSA solution supplemented with arachidonic acid (BSA + AA), an essential precursor in PG synthesis normally present in vertebrate blood, and dissected 24 hours after feeding. PG levels were low in the fat body and hemolymph, close to the lowest limit of detection of the ELISA assay. In contrast, PG levels were about 10-fold higher and clearly detectable in the midgut ([Figure 1](#fig1){ref-type="fig"}C). Midgut PG levels increased by 2-fold when live bacteria were included in the BSA + AA solution ([Figure 1](#fig1){ref-type="fig"}C, p = 0.0042, *Unpaired t test*, [Table S3](#mmc1){ref-type="supplementary-material"}), accompanied by a modest but significant increase in the hemolymph ([Figure 1](#fig1){ref-type="fig"}C, p = 0.0376, *Unpaired t test*, [Table S3](#mmc1){ref-type="supplementary-material"}). However, the presence of bacteria had no effect on PG levels in the fat body ([Figure 1](#fig1){ref-type="fig"}C, p = 0.5705, *Unpaired t test*, [Table S3](#mmc1){ref-type="supplementary-material"}). The absence of PG in the bacteria + BSA + AA suspension was confirmed, ruling it out as the source of PG ([Figure S1](#mmc1){ref-type="supplementary-material"}). PGE2 immunofluorescence staining 6 h post-feeding was strong in the midguts of females fed bacteria ([Figure 1](#fig1){ref-type="fig"}D). Some cells stained stronger than others, and overall, PGE2 staining was most prominent in the perinuclear region ([Figure 1](#fig1){ref-type="fig"}D). Furthermore, when midguts of females fed sterile or bacteria-containing BSA were dissected and cultured *in vitro*, the rate of PGE2 secretion was significantly higher in the presence of bacteria ([Figure 1](#fig1){ref-type="fig"}E, p = 0.0079, *Unpaired t test*, [Table S4](#mmc1){ref-type="supplementary-material"}). While investigating the effect of ingestion of bacteria on the interaction of hemocytes with the mosquito midgut, we observed that phagocytosed bacteria in hemocytes were associated with the midgut basal lamina in females that received BSA with bacteria ([Figure S2](#mmc1){ref-type="supplementary-material"}). Additionally, a significant increase in the number of hemocytes attached to the basal surface of the midgut was observed 6 h after females were fed a BSA-bacterial suspension ([Figures 1](#fig1){ref-type="fig"}F and 1G, p = 0.0028, *Mann-Whitney U test*, [Table S5](#mmc1){ref-type="supplementary-material"}), suggesting that PG release by the midgut attracts hemocytes.

Effect of PGE2 on Mosquito Hemocyte Chemotaxis and Patrolling Activity {#sec2.2}
----------------------------------------------------------------------

We tested this hypothesis *in vitro* by placing *An*. *gambiae* hemocyte-like Sua 5.1 cells in a culture dish with an agarose spot containing either PGE2 or a buffer control. Cells were allowed to settle for 4 h, and their movements were followed in real time ([Figure 2](#fig2){ref-type="fig"}A and [Videos S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}). After 12 h, an average of 25 cells/field migrated under the agarose spots containing PGE2, whereas no migration was observed under the control spots ([Figure 2](#fig2){ref-type="fig"}B, p \< 0.0001, *Mann-Whitney U test*, [Table S6](#mmc1){ref-type="supplementary-material"}). In similar experiments with PGF2, significant chemotaxis was also observed ([Figure S3](#mmc1){ref-type="supplementary-material"}, p = 0.0104, *Mann-Whitney U test*, [Table S7](#mmc1){ref-type="supplementary-material"}), but the rate of migration was significantly lower than with PGE2 (6.8 cells/field; p \< 0.0001, *Mann-Whitney U test*, [Table S6](#mmc1){ref-type="supplementary-material"}). The effect of bacterial feeding on hemocyte dynamics was evaluated by imaging midgut-associated hemocytes in live females fed on sterile BSA or BSA containing bacteria. Hemocytes were labeled by systemic injection of a lipophilic dye (Vybrant CM-DiD) and imaged for 2 h, starting at 4 h post-feeding. Only hemocytes that remained associated with the midgut surface for at least 1 hour were included in the analysis. Midgut-associated hemocytes from females fed BSA with bacteria traveled a longer distance and moved faster than those from females fed sterile BSA ([Figure 2](#fig2){ref-type="fig"}C, [Videos S3](#mmc4){ref-type="supplementary-material"} and [S4](#mmc5){ref-type="supplementary-material"}). The distance traveled (track length) during the first hour of observation was significantly longer ([Figure 2](#fig2){ref-type="fig"}D, p \< 0.0001, *Mann-Whitney U test*, [Table S8](#mmc1){ref-type="supplementary-material"}), and the speed (total distance/total time of observation) was significantly higher ([Figure 2](#fig2){ref-type="fig"}E, p \< 0.0001, *Mann-Whitney U test*, [Table S9](#mmc1){ref-type="supplementary-material"}) in females that ingested BSA containing bacteria. The positive chemotactic response of hemocytes to PGE2 released by the midgut when cells come in direct contact with bacteria could limit potential systemic bacterial infections, and would be particularly important when ookinetes traverse the PM and disrupt the midgut epithelium.Figure 2Effect of PGE2 on Mosquito Hemocyte Chemotaxis and Patrolling Activity(A) Time-lapse imaging of Sua5.1 hemocyte-like cells migrating in an agarose spot assay in response to PBS (CTL) or 7 μg of PGE2 (PGE2). Scale bar: 30 μm.(B and C) (B) Quantification of motile cells per field in the PBS control (C) and PGE2 (E2) agarose spots. Error bars in (B) represent mean ± SEM. Unpaired t test, \*\*\*\*p ≤ 0.0001. Quantification of cell migration was performed in at least two independent experiments with two biological replicates for each treatment. Detailed information on biological replicates and exact p values are listed in [Table S6](#mmc1){ref-type="supplementary-material"} (see [Videos S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}). (C) Snapshot of live mosquito hemocytes (cyan) in their initial position. The yellow lines represent hemocyte movement tracked for a minimum of 1 h.(D) Hemocyte distance traveled in 1 h. Each dot represents the distance traveled by individual hemocytes during the first hour of video imaging.(E) Hemocyte speed. Each dot represents the mean speed of individual hemocytes during the whole duration of the video imaging. Medians are indicated by the lines. Four midguts were analyzed for each condition and a total of 123 hemocytes in the -Bact and 156 hemocytes in the +Bact. Mann-Whitney test, \*\*\*\*p ≤ 0.0001. Scale bar: 20 μm. Detailed information on biological replicates and exact p values are listed in [Tables S8](#mmc1){ref-type="supplementary-material"} and [S9](#mmc1){ref-type="supplementary-material"} (see [Videos S3](#mmc4){ref-type="supplementary-material"} and [S4](#mmc5){ref-type="supplementary-material"}).

Video S1. Sua 5.1 Migration Activity in Response to PBS, Related to Figure 2

Video S2. Sua 5.1 Migration Activity in Response to PGE2 Exposure, Related to Figure 2

Video S3. Hemocyte Patrolling Activity in Control Mosquitoes, Related to Figure 2

Video S4. Hemocyte Patrolling Activity in Bacteria Fed Mosquitoes, Related to Figure 2

Effect of Bacterial Immune Elicitors on Prostaglandin Synthesis and Immune Priming {#sec2.3}
----------------------------------------------------------------------------------

Direct contact between bacteria and midgut cells is necessary to establish immune priming ([@bib16]), suggesting that midgut PG release might be involved in this response. Therefore, we investigated whether systemic injection of PGs previously detected in insects (PGE1, PGE2, and PGF2) ([@bib8], [@bib19], [@bib15]) could recapitulate the priming response. Injection of PGE1, PGE2, or PGF2 significantly increased the proportion of circulating granulocytes ([Figure 3](#fig3){ref-type="fig"}A, p = 0.0015, \<0.0001, and \<0.0001, respectively, *Mann-Whitney U test*, [Table S10](#mmc1){ref-type="supplementary-material"}), with PGE2 having the strongest effect. Systemic injection of PGE2 also enhanced antiplasmodial immunity, significantly reducing the number of oocysts ([Figure 3](#fig3){ref-type="fig"}B, p = 0.0016, *Mann-Whitney U test*, [Table S11](#mmc1){ref-type="supplementary-material"}), whereas the effects of PGE1 and PGF2 on *Plasmodium* infection were not statistically significant ([Figure 3](#fig3){ref-type="fig"}B, p = 0.1842 and p = 0.0582, respectively, *Mann-Whitney U test*, [Table S11](#mmc1){ref-type="supplementary-material"}).Figure 3Effect of Bacterial Immune Elicitors on Prostaglandin Synthesis and Immune Priming(A) Effect of systemic prostaglandin injection on the proportion of circulating granulocytes.(B) Mosquito susceptibility to *P. berghei* infection after systemic injection of different prostaglandins (PGE1, PGE2, and PGF2).(C) Effect of hemolymph transfer from mosquito donors shown in (A), collected 4 days after PG injection, on the proportion of circulating granulocytes in the recipients.(D) Effect of Evokin silencing on the biological activity of hemolymph of females transferred 4 days after PGE2 injection, measured as the effect on the proportion of circulating hemocytes in the recipients.(E) Effect of IMPer silencing on hemolymph prostaglandin levels 48 h post blood feeding.(F and G) Effect of IMPer silencing on the number of hemocytes attached to the midgut basal surface 12 h after blood feeding. Actin (phalloidin), cyan; Hemocytes (stained with Vybrant CM-DiI), red. Scale bar: 15 μm.(H) Effect of IMPer silencing on the proportion of circulating granulocytes after blood feeding.(I) Effect of hemolymph transfer from IMPer-silenced donor, collected 4 days after blood feeding, on the proportion of circulating hemocytes in the recipients.Error bars in A, C--E, H, and I represent mean ± SEM. Mann- Whitney U test and Unpaired t test, \*\*p ≤ 0.01; \*\*\*p ≤ 0.001; \*\*\*\*p ≤ 0.0001. Hemocyte counting in C, D, H, and I were obtained from at least 5--10 individual mosquitoes for each treatment in at least two independent experiments. Each dot in B and G represent the number of oocysts or hemocytes, respectively, for individual midguts. The median is indicated by the line. Mann-Whitney U test, \*\*p ≤ 0.01; \*\*\*p ≤ 0.001, NS, p \> 0.05. Detailed information on biological replicates and exact p values are listed in [Tables S10](#mmc1){ref-type="supplementary-material"}, [S11](#mmc1){ref-type="supplementary-material"}, and [S13--S18](#mmc1){ref-type="supplementary-material"}.

We further investigated the effects of PG injections by exploring the hypothesis that they trigger long-lasting HDF activity in hemolymph. As expected, owing to the short half-life of PGs ([@bib17]), hemolymph collected 4 days after female mosquitoes were injected with PGs contained low levels of PGs that were not significantly different from those of control mosquitoes injected with buffer ([Figure S4](#mmc1){ref-type="supplementary-material"}, p = 0.7693, *ANOVA Dunn\'s multiple comparison test*, [Table S12](#mmc1){ref-type="supplementary-material"}). Transfer of this hemolymph from females pre-treated with PGE1 or PGE2 into naive females increased the proportion of granulocytes relative to untreated controls ([Figure 3](#fig3){ref-type="fig"}C, p = 0.0025 and p \< 0.0001, respectively, *Mann-Whitney U test*, [Table S13](#mmc1){ref-type="supplementary-material"}). PGE2 elicited the strongest response, whereas PGF2 pre-treatment had no effect ([Figure 3](#fig3){ref-type="fig"}C, p = 0.6075, *Mann-Whitney U test*, [Table S13](#mmc1){ref-type="supplementary-material"}). Furthermore, silencing Evokin, the carrier protein component of HDF in the donor, before PGE2 injection, eliminated the effect of this eicosanoid on hemocyte differentiation in recipient mosquitoes ([Figure 3](#fig3){ref-type="fig"}D, *dsLacZ*, p = 0.0015 and *dsEvokin*, p = 0.5101, *Mann-Whitney U test*, [Table S14](#mmc1){ref-type="supplementary-material"}). Taken together, these observations indicate that PGE2 injection triggers long-lasting HDF release into the mosquito hemolymph, prompting the immune priming response.

Next, we investigated whether increased contact with immune elicitors from the endogenous gut flora was sufficient to induce priming. The diffusion of bacteria-derived immune elicitors out of the mosquito midgut lumen is tightly regulated by an Immunomodulatory Peroxidase (IMPer) ([@bib9]). IMPer is secreted into the ectoperitrophic space, between the PM and the midgut epithelium, and cross-links the proteins present in this space ([@bib9]). IMPer silencing increases the permeability of the ectoperitrophic space, allowing soluble immune elicitors to interact with the midgut epithelium ([@bib9]). Silencing IMPer significantly enhanced PG levels in the hemolymph 24 h after ingestion of a blood meal ([Figure 3](#fig3){ref-type="fig"}E, p = 0.0001, *Unpaired t test*, [Table S15](#mmc1){ref-type="supplementary-material"}), a time when the gut microbiota undergoes extensive proliferation. Reducing IMPer expression also significantly increased the number of hemocytes associated with basal surface of the midgut ([Figures 3](#fig3){ref-type="fig"}F and 3G, p = 0.0005, *Mann-Whitney U test*, [Table S16](#mmc1){ref-type="supplementary-material"}) and increased the proportion of circulating granulocytes ([Figure 3](#fig3){ref-type="fig"}H, p \< 0.0001, *Mann-Whitney U test*, [Table S17](#mmc1){ref-type="supplementary-material"}). Furthermore, transfer of hemolymph collected 4 days after blood feeding from IMPer-silenced mosquitoes to naive recipients also increased the proportion of granulocytes ([Figure 3](#fig3){ref-type="fig"}I, p = 0.003, *Mann- Whitney U test*, [Table S18](#mmc1){ref-type="supplementary-material"}).

Role of Two Midgut Peroxidases on Prostaglandin Synthesis and Immune Priming {#sec2.4}
----------------------------------------------------------------------------

Although PGs have been detected in insects, whole-genome sequencing of multiple species indicates that they lack an ortholog of vertebrate cyclooxygenase ([@bib21]), suggesting that PG synthesis is mediated by some other enzyme(s) ([@bib8], [@bib19], [@bib3]). We confirmed our previous observation ([@bib9]) that feeding mosquito with a BSA solution containing bacteria induces expression of two heme peroxidases, HPX7 and HPX8 ([Figure S5](#mmc1){ref-type="supplementary-material"}, p = 0.0003 and = 0.0002, respectively, Mann-Whitney U test, [Table S19](#mmc1){ref-type="supplementary-material"}). IMPer silencing also induces the expression of these two enzymes 24 h PF ([Figure 4](#fig4){ref-type="fig"}A, p = 0.0022 and p = 0.004, respectively, *Mann- Whitney U test*, [Table S20](#mmc1){ref-type="supplementary-material"}). Furthermore, co-silencing IMPer and HPX7 ([Figure 4](#fig4){ref-type="fig"}B, p = 0.7701, *ANOVA* Dunn\'s *multiple comparison*, [Table S21](#mmc1){ref-type="supplementary-material"}) or IMPer and HPX8 ([Figure 4](#fig4){ref-type="fig"}C, p = 0.8520, *ANOVA* Dunn\'s *multiple comparison*, [Table S22](#mmc1){ref-type="supplementary-material"}) prevents the increase in PG release after blood feeding that is observed when IMPer alone is silenced ([Figure 4](#fig4){ref-type="fig"}B, p = 0.0003 and 4C p = 0.0002, ANOVA Dunn\'s multiple comparison, [Tables S21](#mmc1){ref-type="supplementary-material"} and [S22](#mmc1){ref-type="supplementary-material"}). Similarly, the increase in hemocyte binding to the basal surface of the midgut in IMPer-silenced females ([Figures 4](#fig4){ref-type="fig"}D and 4E, p = 0.0005, *ANOVA Kruskal-Wallis test*, [Table S23](#mmc1){ref-type="supplementary-material"}) is no longer observed when HPX8 is co-silenced with IMPer ([Figures 4](#fig4){ref-type="fig"}D and 4E, p = 0.1289, *ANOVA Kruskal-Wallis test*, [Table S23](#mmc1){ref-type="supplementary-material"}).Figure 4Role of Two Midgut Peroxidases on Prostaglandin Synthesis and Immune priming(A) Relative mRNA expression of HPX7 and HPX8 in the midgut, 48 h post blood-meal, in LacZ (control) and IMPer-silenced mosquitoes.(B) Effect of IMPer and HPX7 co-silencing on hemolymph prostaglandin levels 48 h after blood feeding.(C) Effect of IMPer and HPX8 co-silencing on hemolymph prostaglandin levels 48 h after blood feeding.(D and E) Effect of IMPer, HPX8, or IMPer + HPX8 co-silencing on the number of hemocytes attached to the basal surface of the midgut 12 h post blood feeding. Actin (phalloidin), cyan; Hemocytes (stained with Vybrant CM-DiI), red. Scale bar: 15 μm.(F) Effect of hemolymph transfer from LacZ controls and HPX7-silenced donors, collected 4 days after feeding on a control (C) or a *P.berghei* infected (I) mouse, on the proportion of circulating hemocytes in the recipients.(G) Effect of hemolymph transfer from LacZ controls and HPX8-silenced donors, collected 4 days after feeding on a control (C) or a *P.berghei*-infected (I) mouse, on the proportion of circulating hemocytes in the recipients.(H) Effect of hemolymph transfer from LacZ controls and HPX8-silenced donors on the antiplasmodial immunity of the recipients. Hemolymph was collected 4 days post-feeding on control (C) or a *P.berghei*-infected (I) mouse.Error bars in A--C, F, and G represent mean ± SEM. Mann-Whitney U test and Unpaired t test, \*\*p ≤ 0.01; \*\*\*p ≤ 0.001, NS, p \> 0.05. In A--C, 2--3 pools per treatment were used in at least two independent experiments. In F and G, granulocyte numbers were counted in at least 5--10 individual mosquitoes. Each dot in E and H represent the number of hemocytes or oocysts, respectively, for each individual midgut. The median is indicated by the line. Detailed information on biological replicates and exact p values are listed in [Tables S20--S26](#mmc1){ref-type="supplementary-material"}.

We also evaluated the potential participation of these two heme peroxidases in mosquito immune priming after *P*. *berghei* infection. When either HPX7 ([Figure 4](#fig4){ref-type="fig"}F, p = 0.0022, *Mann-Whitney U test*, [Table S24](#mmc1){ref-type="supplementary-material"}) or HPX8 ([Figure 4](#fig4){ref-type="fig"}G, p = 0.0036, *Mann-Whitney U test*, [Table S25](#mmc1){ref-type="supplementary-material"}) was silenced, the increase in the proportion of granulocytes after infection (a hallmark of immune priming) was no longer observed ([Figures 4](#fig4){ref-type="fig"}F and 4G, p = 0.3930 and p = 0.5795, respectively, *Mann-Whitney U test*, [Tables S24](#mmc1){ref-type="supplementary-material"} and [S25](#mmc1){ref-type="supplementary-material"}). Furthermore, exposure of HPX8-silenced females to *Plasmodium* infection no longer enhanced antiplasmodial immunity when their hemolymph was transferred to naive mosquitoes ([Figure 4](#fig4){ref-type="fig"}H, p = 0.0009 and p = 0.5154, *Mann-Whitney U test*, [Table S26](#mmc1){ref-type="supplementary-material"}), in agreement with the lack of HDF activity in the donors ([Figure 4](#fig4){ref-type="fig"}G).

Disruption of the peroxidase *pxt* gene in *Drosophila* resulted in sterile female flies, but follicle maturation was rescued *in vitro* by treatment with PG ([@bib20]) and fertility was restored *in vivo* by expressing the mammalian COX-1 protein ([@bib20]). This study suggests that PGs are necessary for *Drosophila* follicle maturation and that vertebrate COX1 can complement the biological function of *pxt* by restoring PG synthesis. However, direct evidence of PG synthesis by *pxt* was not provided. Our findings agree with these observations and indicate that, besides their role in development, PGs also participate in antimicrobial responses. Additional studies indicate that indomethacin inhibits vertebrate thyroid peroxidase and lactoperoxidase ([@bib22]) in addition to cyclooxygenase, suggesting that peroxidases may be the targets of this drug in insects. This could explain the pharmacological effect of indomethacin on antibacterial response in lepidoptera ([@bib5]) and *Plasmodium* sporozoite infection in mosquitoes ([@bib15]). Furthermore, there are reports that vertebrate peroxidases can catalyze PG synthesis *in vitro* using arachidonic acid as a substrate ([@bib11], [@bib12], [@bib6]). Our findings suggest that HPX7 and HPX8 assume the role of cyclooxygenase in converting arachidonic acid to intermediate endoperoxides, such as PGH2, whereas the Prostaglandin E enzymes that convert PGH2 to PGE2 are conserved.

PGs differ in their biological activity in mosquitoes. Although injection of PGE1, PGE2, and PGF2 all increased the proportion of circulating granulocytes, PGE2 elicited the strongest response and significantly enhanced antiplasmodial immunity. Although both PGE1 and PGF2 also reduced *Plasmodium* infection, their effect was more modest and did not reach statistical significance. PGE2 also evoked a stronger chemotactic response from hemocyte-like cells (Sua 5.1 cell line) than did PGF2. Furthermore, synthesis of PGE2 by midgut cells in mosquitoes fed a BSA solution containing bacteria was documented using a PGE2-specific monoclonal antibody. Taken together, our results indicate that *An*. *gambiae* mosquitoes can synthesize PGE2 and that this PG has the strongest biological activity. The precise mechanism by which HPX7 and HPX8 are involved in PGE2 synthesis remains to be established.

Based on our findings, we propose the following mechanism for the establishment of mosquito immune priming in response to *Plasmodium* infection. When ookinetes invade the midgut, bacteria come in contact with epithelial cells and induce expression of HPX7 and HPX8. The induction of these two enzymes mediates PGE2 synthesis by midgut epithelial cells. PG release, in turn, attracts hemocytes, enhances their patrolling activity, and establishes immune priming. The initial PGE2 release by midgut epithelial cells has long-lasting effects on the mosquito immune system and is a key signal for the establishment of a life-long state of enhanced immunity. In vertebrates, lipopolysaccarides (LPS) has been shown to stimulate PGE2 synthesis and release by alveolar epithelial cells ([@bib18]). PGE2, in turn, modulates local inflammation by triggering secretion of SOCS3-containing microparticles by alveolar macrophages. We conclude that the release of PGE2 by epithelial cells is an ancient innate immunomodulatory response that is conserved from insects to vertebrates.

Limitations of the Study {#sec2.5}
------------------------

Although we observe that midgut PG attracts hemocytes, we do not have specific markers available to determine which hemocyte type is being recruited. RNA knockdown of HPX7 and HPX8 decreased the amount of PG in the hemolymph, but since silencing is transient and depends on the protein turnover, we were not able to altogether abolish PG production. To fully characterize the role of HPX7 and HPX8 in PG synthesis, we must develop knockout mosquitoes for those enzymes.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Code Availability {#appsec1}
==========================

The raw data and detailed information on individual experiments and number of replicates are available in the Supplementary tables file.

Supplemental Information {#appsec3}
========================

Document S1. Transparent Methods, Figures S1--S5, and Tables S1--S27
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